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Abstract

Precise simulations of all hydrodynamic conditions encountered in practical lead—bismuth eutectic (LBE) coolant
loop systems by use of flowing conditions in the laboratory are difficult and expensive, if not impossible. Therefore it is
important and necessary to develop corrosion models to predict corrosion behaviors at the design stage of practical
LBE coolant systems and to properly interpret and apply experimental results from test loops. In the present study, we
extended a kinetic corrosion model for a simple LBE loop to a model for a loop with multiple modules to include effects
of geometry variations. The model is applied to an ideal loop with contractions and expansions and a test loop named
‘DELTA’ set up in the Los Alamos National Laboratory. Analyses show the combined effects of the axial geometry
variations and the axial temperature profile on the corrosion/precipitation distribution in the entire loop. The present
study illustrates systematically different dependence of corrosion behaviors on the hydraulic factors in an open pipe
flow, a simple loop flow and a multi-modular loop flow.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Liquid metals have several possible applications in
nuclear energy systems [1]. Lead and lead alloys, such as
lead-bismuth eutectic (LBE), are efficient heat transfer
media because of high thermal conductivity and high
heat capacity. Moreover, LBE is chemically inert and
does not react violently with air and water [2]. There-
fore, LBE is one of coolant candidates in advanced
reactors and accelerator driven systems (ADS) [2,3].
However, LBE is very corrosive to many structure
materials if they are exposed to LBE directly. Corrosion
in the form of dissolution, intergranular penetration,
and interstitial transfer to and/or from the liquid metal
can result in significant wall thinning and/or loss of

*Corresponding author. Tel.: +1-505 667 7444; fax: +1-505
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mechanical integrity [1]. Hence, one of the critical
obstacles to the wide use of LBE as a nuclear coolant is
corrosion. Corrosion problems need to be controlled
and mitigated, or they lead to severe safety problems
[3,4].

A large number of closed loop systems have been set
up to study the flow-affected corrosion mechanisms.
They are simple and convenient, and representative
geometry can be tested in a constant environment for a
fixed period [5]. In LBE technology development pro-
grams, test loops are typically made of the same type of
steel as the test materials. Therefore, the up-/down-
stream effects should be properly included in the analysis
of the experimental data. Investigations on corrosion in
LBE are being carried out in many programs [6-9]. The
experimental results indicate that the flow-affected cor-
rosion depends on many factors: time of exposure,
temperature, thermal gradient, solid and liquid compo-
sitions, flow velocity, etc., and occurs through several
mechanisms: mass transport, phase transport, erosion—
corrosion and cavitation—corrosion [10]. The depen-
dence of corrosion on local hydraulic factors has
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been amply studied through modeling of the local
mass transfer coefficient, but there are few studies
systematically investigated the global distribution ef-
fects, such as the axial temperature profile and axial
geometry variation effects.

In a non-isothermal LBE loop system, corrosion
occurs in the hot regions and the corrosion products are
subsequently deposited in some cooler areas. The
deposition may lead to severe flow path restriction that
can eventually block the flow. Most of the test facilities
are set up for corrosion tests and the data for deposition
of corrosion products is much more scarce compared to
the corrosion data.

Precise simulations of all hydrodynamic conditions
encountered in practice by use of flowing conditions in
the laboratory are difficult and expensive, if not impos-
sible. However, it is important to understand the flow-
affected corrosion mechanisms in order to control and
mitigate corrosion in LBE systems. Therefore theoretical
analyses are very important and necessary to provide
general information on flow-affected corrosion. Several
corrosion models have been developed in aqueous media
based on experimental results [11-13]. Assuming the
corrosion product bulk concentration to be zero, Bal-
baud-Celerier and Barbier [10] applied these models to
calculate corrosion rates in liquid metal loops. They
obtained much higher values than the experimental re-
sults. Therefore an accurate description of the corrosion
phenomena that take place in a non-isothermal system
can be accomplished only if the axial conditions are
taken into consideration.

Assuming the corrosion product concentration
equaling that in the cold zone, Epstein [14] developed a
model that could predict the mean corrosion rate at the
hot zone in heat transfer loops. Zhang and Li [15] im-
proved the local corrosion models for closed loop sys-
tems by including the fact that the amount of corrosion
should equal to the amount of deposition of corrosion
products at steady state. The improved model still can
only provide the mean corrosion rate in the hot region.
Sannier and Santarini [16] developed a corrosion model
that could predict the corrosion and deposition zones.
Employing the model, the authors obtained good results
consistent with the experimental results for a natural
convection lead loop, indicating that the model has
reasonable performance. However, the authors assumed
that the mass transfer boundary layer was only a func-
tion of the liquid metal velocity and the thickness re-
mained the same along the loop, which is not reasonable
for a loop with large thermal gradients.

In recent studies, a kinetic model based on some
reasonable assumptions [17,18] was developed to inves-
tigate the dependence of corrosion/precipitation on the
axial temperature profile for simple closed LBE loops.
The studies show that corrosion/precipitation rate and
distribution in a closed LBE loop system depend on

both the local temperature and the axial temperature
profile, which cautions us that corrosion test results
obtained from one flow loop cannot be directly applied
to another loop with different axial temperature profile.
However, the model is limited to simple loops with
constant cross-section. Generally, geometry variations
in the axial direction are unavoidable in engineering
applications. Such variations lead to varying hydrody-
namic conditions [19], which will alter the corrosion rate
and distribution. The purpose of the present study is to
determine the combined effects of the axial geometry
variations and the axial temperature profile on the cor-
rosion/precipitation distribution in non-isothermal LBE
loops with multiple modules.

It has been recognized that corrosion behaviors of
steels in LBE depend on the oxygen concentration in the
liquid alloy. The active oxygen control technique [20]
exploits the fact that lead and bismuth are chemically
less active than the major components of steels, such as
Fe, Ni, and Cr. By carefully controlling the oxygen
concentration in LBE, it is possible to maintain an iron
and chrome oxide based film on structural steels, while
keeping lead and bismuth from excessive oxidization
that can lead to lead oxide precipitation. The oxide film,
especially the compact portion rich in Cr effectively
separates the substrates from LBE. Once the oxide film
is formed on the structure surface, the direct dissolution
of the structural materials becomes negligible because
the diffusion rates of the alloying components are very
small in the protective oxide layer. Under such circum-
stance, the only effective mean of transferring structural
materials into LBE is through the reduction of the oxide
film at the interface of the film and LBE. At low oxygen
concentration, the protective oxide layer cannot be
formed and the corrosion is through direct dissolution
of the materials to LBE. In the present study, both
processes are considered.

We extend the simple corrosion model [17] to a model
that can be applied to non-isothermal and multi-modular
loops with or without oxygen control. The model is ap-
plied to a non-isothermal ideal loop with contractions
and expansions and a material test loop (named as
DELTA loop) built and operated in the Los Alamos
National Laboratory. Distributions of the corrosion/
precipitation rate are studied to determine the depen-
dence of the corrosion/precipitation rate on the axial
geometry variations and the axial temperature profile.
The bulk concentration of the corrosion product varies
along the axis and the variation is small enough to be
neglected. The amount of highest corrosion/precipitation
and the corrosion/precipitation areas can be determined.
The model provides information on what we have to take
into consideration when analyzing experimental results
from a non-isothermal LBE test loop. The non-local
analysis also illustrates means to control the corrosion/
precipitation rate profile and to control the corrosion/
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precipitation rate through designing geometry and con-
trolling the axial temperature profile.

2. Theory
2.1. Corrosion model for non-isothermal simple loops

The authors adopted the following assumptions in
developing a corrosion model for simple loops [17]: (1)
The reaction term contributes little to the mass transfer
in the bulk flow; (2) the flow is fully turbulent; (3) the
fluid media is liquid metal and the mass diffusion coef-
ficient is much less than the kinematic viscosity; (4) the
physical properties of the flowing liquid and the bulk
flow velocity stay constant along the loop axis; (5) the
wall surface is smooth, the corrosion and precipitation
do not change the wall surface enough to affect the fluid
flow; (6) the mass transfer process is at a steady state.
The convection—diffusion mass transfer equation in the
mass transfer boundary layer is simplified to

Oc d%c

5 Da—yz, )

W=
where ¢ (wppm) is the corrosion product concentration,
x (m) and y (m) are coordinates in the axial and trans-
verse directions, respectively, D (m?/s) is the diffusion
coefficient, y (s~!) is the wall shear rate and it is constant
along the loop here and can be calculated by y = 1V2 /20
(4 is the Fanning friction factor, 7 (m/s) is the bulk flow
velocity outside the boundary layer and v (m?/s) is the
kinematic viscosity). The corrosion/precipitation rate for
a non-isothermal liquid metal closed loop is obtained
[17]:

o oc ([ 2nD* 173 1
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where L (m) is the loop length, £ =x/L is the non-
dimensional coordinate in the axial direction, 4i and I’
are Airy function and Gamma function, respectively,
and O, = a;k'*1"? for k > 0 and O, = a;[k|"*(—1)"/” for
k < 0. iis the imaginary unit and i'® = v/3/2 +1/2 and

(=)' = V/3/2 —i/2 [17]. For a non-isothermal closed
loop, the corrosion product surface concentration is a
function of the axial coordinate and can be expressed as
the following Fourier series:

= aexp(2miké). (3)

Therefore, if the surface corrosion product concentra-
tion is given, the corrosion/precipitation rate and the
profile can be obtained through Eq. (2) that is easily

implemented in a computer program. Eq. (2) is limited
to loops that have constant hydraulic diameters.

2.2. Corrosion model for non-isothermal and multi-mod-
ular loops

Geometry variations along the axis are unavoidable
in engineering applications. Even for simple loops, the
flow area can be changed through corrosion and depo-
sition during long-term operations. Such geometry
variations lead to varying hydrodynamic conditions,
which will alter the corrosion distribution in such sys-
tems. For a flow loop with multiple modules, the wall
shear rate is not constant along the axis and it varies
with changing geometry. Neglecting the transition ef-
fects, we obtain from Eq. (1)

B dc ¢
F)ys = Dé—yz, 4)

where 7 (s7!) is the reference wall shear rate. F(x) is the
ratio of the local wall shear rate to the reference wall
shear rate and it is not zero. Introducing

| - Lo
(= ——ds and L:/ ——ds.
/0 F(s) o F(s)
Eq. (4) becomes to

_ dc ’c
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that has the same form with Eq. (1). Therefore, the
solution of the corrosion flux ¢ as a function of ¢
(£ ={/L) can be expressed as:

1/3
B 2nD%
q(&) =a+ < T ) 0T (1/3 ;lexp 2mkié),
(6)

where a is a constant. Because the total amount of
corrosion equals the total amount of precipitation over
the entire loop for a closed system at a steady state, then
a can be determined through the following integration:

/0 d(x)q (x) dx = 0, (7)

where d(x) is the local hydraulic diameter.

Finally, to complete the development of the analyti-
cal solution, the value of F(x) needs to be specified. It
can be obtained from some experimental data, analytical
solutions or numerical simulations. In the present study,
the transition effects are neglected, then F(x) is deter-
mined by d(x). Since the flow rate through each cross-
section is constant for a closed loop, we get:
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7 d—4 d
where the variables with a bar represent the reference
values. The Blasius equation for the friction factor is

employed (4 = 0.046 Re %% and Re = Vd/v).
2.3. Modeling corrosion product transport in the bulk flow

In the bulk flow, the transport process of the corro-
sion product in the flowing liquid metal satisfies the
following mass balance equation:

ﬂﬁﬁgﬂﬁﬂ:pwwkww ?

where 4 (m?) is the flow area and p (m) is the circum-
ference. For circular pipe, 4 = nd*/4 and p = nd (the
boundary layer thickness is neglected since it is much
smaller than the hydraulic diameter), ¢, (Wppm) is the
corrosion product bulk concentration. For simple loop
systems, 4, p and V' are constant along the axis, then the
solution of ¢, for simple loop is:
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where ¢ is the average bulk concentration and equals

the average surface concentration a, at the steady state.
For multi-modular loop systems, 4, p and V' are func-
tions of the axial coordinate x, while the volume flow
rate QO = A(x)V(x) is constant over the entire loop. The
bulk concentration can be calculated using the following
integration:

ev(€) :é[F[X(S)]P[X(S)]q(S)dSvLCb(io% (11)

where ¢y,(&,) is the bulk concentration at ¢ = &, and can
be calculated by considering that the average bulk con-
centration equals the average surface concentration.

2.4. Modeling the surface corrosion product concentration
in oxygen controlled LBE system

Corrosion of steels in LBE occurs via dissolution at
very low oxygen concentrations, and through surface
oxidation and reduction of surface oxides at higher
oxygen concentrations. In either case, it is usually suf-
ficiently fast and the corrosion process is limited by the
mass transfer process. Therefore the corrosion products’
concentrations are always at their saturated or equilib-
rium levels at the solid-liquid interface. For the disso-
lution process, the surface concentrations equal their
saturated concentration [20]:

log(c) = log(cs) = 4, +%, (12)
where T is the absolute temperature in Kelvin and c is
the concentration in wppm. The values of parameters 4,
and B, vary for species and some of them for common
components in steels and oxygen can be found in Ref.
[20].

In the reduction process, the protective MOg-based
film can be reduced by Pb via the following reaction:

1
B

The equilibrium concentration of M is:

MO, + Pb :%M+Pbo.

log(ew) = 4; — 2 ~ Blog(co), (13)

where c¢q is the oxygen concentration in LBE, 4, and B,
vary for species and can be calculated through analyzing
the oxygen thermodynamic activity in LBE [20], for
example, for iron [20], 4, =11.35, B, = 12844 and
p=4/3.

There is a critical oxygen level in LBE, below which
continuous iron oxide based protective film cannot form
and the Fe concentration at the surface is calculated by
Eq. (12), and above which the continuous iron oxide film
can form and the Fe concentration is calculated by Eq.
(13). It is not clear how these two regions connect to
each other, Ref. [18] assumed that the species concen-
tration at the surfaces is given by the minimum of the
saturation concentration and the chemical equilibrium
concentration. That is,

Cw = min(CS7ceq)- (14)

The boundary between the dissolution regime and the
reduction regime for iron (the main corrosion product)

1000

900F

s00k Dissolution regime

1 \5.01-4380/ T
s00p G =10

600

Temperature (=C)

so0k Reduction regime

4137 A11.35-12844/T
400} ¢, =¢p 10 .

27 -6 -5 -4 -3 -2 -1
loge (ppm).c,: Oxygen concentration in LBE

Fig. 1. The boundary between the dissolution and oxide
reduction regimes as a function of temperature and oxygen
concentration in LBE.
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as a function of temperature and oxygen concentration
is shown in Fig. 1. The figure shows that a higher oxygen
level is needed to form continuous surface oxides at
higher temperatures.

3. Analysis results and discussion
3.1. Comparison of theoretical and experimental results

Experimental results of corrosion tests performed in
a non-isothermal simple lead loop are available [16]. The
authors found that the corrosion depth for 10 CD 9-10
steel is between 75 and 110 um after 3000 h and for Z 10
CD Nb V 92 steel is between 25 and 40 um after 2800 h.
In our previous paper [17], we calculated the corrosion
rate at the test section of the liquid lead loop using the
corrosion model for simple loop. The model predicts an
iron corrosion depth between 40 and 70 pm per 3000 h,
which agrees well with the experimental results. The
deviations are not unexpected given the experimental
uncertainties and alloy composition effects.

No experimental result on corrosion rate is available
for LBE loops with oxygen control. A LBE loop called
JLBL-1 loop (Fig. 2), was set up in the Japan Atomic
Energy Research Institute and some initial experiments
have been carried out to study the corrosion and
deposition without actively controlling oxygen [21]. Fig.
2 shows a schematic depiction of the loop. All materials
are 316 steel. The inner diameter of the circulating tube,
the test tube at the low temperature and test tube at high
temperature is 22, 22 and 10 mm, respectively. The flow
velocity is 1 m/s at the high temperature test leg and 0.2
m/s in elsewhere. The oxygen concentration is not
measured during the experiment. The corrosion rate is
less than 0.1 mm per 3000 h [21] at the high temperature
test leg. The deposition zones are shown in Fig. 2(a) in
thick black line.

Since there is no oxide layer reported [22], it is as-
sumed that the corrosion process is due to dissolution.
To estimate corrosion/precipitation rate in the JLBL-1,
the kinematic viscosity v of LBE and the corrosion
product diffusion coefficient D of the iron in LBE are
chosen as v = 1.5 x 1077 m?/s estimated from Davis and
Shieh [23] and Dg._ppp = 10~° m?/s estimated from
Ref. [18]. The calculated iron corrosion/precipitation
rate profile and the temperature profile for JLBL-1 are
shown in Fig. 3. The origin point is set at the beginning
of the low temperature test leg. Fig. 3 shows that the
deposition zones in JLBL-1 loop can be predicted ex-
actly using the present non-isothermal and multi-mod-
ular corrosion model. The predicted corrosion rate in
the hot test section is about 0.025 mm per 3000 h close to
the experimental value of 0.03-0.1 mm [21]. Considering
there are many uncertain factors: value of the diffusion
coefficient and the surface concentration, effects of the
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Fig. 2. Schematic drawing and parameters of JLBL-1 LBE
loop. Experimentally observed precipitation zones are shown in
(a) using thick black line.

materials composition, erosion, etc., the calculated val-
ues are consistent with the experiment results.

3.2. Apply the model to a loop with sinusoidal surface
concentration

Suppose that the species surface concentration has
the following profile:
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¢y = ¢+ cocos(2mx/L).

For a simple loop [F(x) = 1] with such surface concen-
tration, He et al. [18] found that the corrosion/precipi-
tation rate also varies sinusoidally along the loop, while,
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Fig. 3. Calculated corrosion/precipitation rate for iron (solid
line) and the temperature profile (dashed line) for JLBL-1 loop.
Positive value corresponds to corrosion and negative value
corresponds precipitation.
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----- Wall shear ratc profile

Corrosion/precipitation and wall shear rate profile

Corrosion profile for simple Toop)|

the highest corrosion/precipitation rate does not occur
at the highest/lowest concentration. There is a phase
shift between the highest corrosion/precipitation rate
and the highest/lowest wall concentration. This phe-
nomenon is due to the effects of axial temperature profile
and the resultant axial wall concentration profile be-
cause there is no geometry variation in a simple loop.
For a loop with geometry variations along the axis,
such as expansions and contractions, the corrosion/
precipitation profile is influenced by the combined effects
of the global temperature profile and the resultant sur-
face corrosion product concentration profile, and the
geometrical variations and the resultant wall shear rate
profile. Fig. 4 shows some results obtained from the
present model for multi-modular loops with sinusoidal
surface concentration for four shear rate distributions.
For comparison, the corrosion/precipitation curve for
the simple loop with the same surface concentration is
also shown in all the figures [Fig. 4(a)—(d)]. The figures
indicate that an expansion or a contraction affects not
only the local corrosion/precipitation rate but also the
axial corrosion/precipitation distribution. The highest
corrosion/precipitation rate can be reduced and its

N
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Fig. 4. Corrosion/precipitation rate for a sinusoidal surface concentration profile. The dashed line is for the simple loop with a
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constant cross-section. The flux is scaled as ¢/f¢ where = (2nD*y/3L)"*/4i(0)I'(1/3) and ¢/co = 0.9.
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location shifts to up- or down-stream through changing
the cross-section at some locations along the loop.

The location of corrosion and precipitation zones
depend on both the geometrical variations and the
temperature profile of the loop system. The highest
corrosion does not necessarily occur at the highest wall
shear rate where the flow area is smallest and the bulk
velocity reaches its highest value, even though the
highest velocity may be at the location where the species
reaches the highest surface concentration. Generally,
increasing the local wall shear rate results in a larger
local corrosion or precipitation rate. At the precipitation
locations, the species precipitation decreases the flow
area, leading to a higher wall shear rate and conse-
quently higher precipitation rate. This positive feedback
becomes stronger in time and may lead to flow blockage.
Therefore, precipitation of corrosion products is an
important consideration in assessing the use of any non-
isothermal loop systems that are subject to corrosion.

The above analyses show that the corrosion/precipi-
tation rate depends strongly on the global geometry and
the temperature profile. Variations of the flow path in
some sections can result in variations of corrosion/pre-
cipitation rate in other sections. For practical systems,
the highest corrosion/precipitation rate should be re-
duced or the locations should be shifted to sections that
can be easily replaced. The present analysis provides
guidance on how to mitigate the highest corrosion/pre-
cipitation rate and shift their locations along the system
through designing the geometry and controlling the
temperature profile.

3.3. Applying the model to estimate the corrosion rate of
the samples in DELTA loop

The above model is applied to DELTA loop set up in
the Los Alamos National Laboratory. The DELTA
loop is a non-isothermal closed loop and is used to study
the corrosion of various materials in flowing LBE. De-
tailed description about the loop can be found in Refs.
[18,24]. The loop is about 30 m long and the diameter of
the circulating tube is 0.0525 m. The circulating tube is
constructed by SS316. In the present calculations, we use
v=1.5x 1077 m?/s and Dgc_pp_pi = 10~° m?/s estimated
from Ref. [18]. The corrosion/precipitation profile of the
loop without the installed samples (simple loop) has
been examined using the corrosion model for simple
loops [17,18]. The results illustrate effects of the highest
temperature, the temperature gradient, the oxygen con-
centration in LBE and the flow velocity on the local
corrosion/precipitation rate and axial corrosion/precip-
itation profile.

When samples are installed in the highest tempera-
ture leg, the samples’ holders change the flow area and
the present multi-modular corrosion model is needed to
predict the corrosion rate. The calculated corrosion/

0.01 v 850
- s Test leg
5 — d,=0.0525m o
g | - d,=0.0825m e 800
£ 0008} -~ d,=0.0325m
Q
O A A 750g
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8 2
8 o 5
: L | %
§ == 700 g.
o o
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E;fo,oos-
2 650
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S j

-0.01 : : L 600

) 5 10 15 20 25 30
Loop length (m)

Fig. 5. Corrosion/precipitation rates of iron in DELTA loop
for different pipe inner diameters at the test leg (d;). O = 0.0011
m?®/s and co = 0.01 ppm.

precipitation rates in the loop are shown in Fig. 5 for
different hydraulic diameters d, at the test leg for the case
with oxygen concentration c¢o = 0.01 ppm and flow rate
0 = 0.0011 m®/s. The average corrosion rate at the test
leg increases with the decreasing diameter. For this loop
the flow area variation at the test leg has little influence
over the corrosion/precipitation rates in other sections.
The highest corrosion rate increases, while the highest
precipitation rate decreases with the decreasing pipe
diameter at the test leg. The locations of the highest
corrosion and precipitation do not change.

For a closed loop system subjected to corrosion, the
bulk concentration of corrosion product increases with
time until it reaches the steady state. The transient
process can be very short if the test loop is constructed
of materials with corrosion resistance similar to the test
materials, as is the case for most LBE test loops. The
calculated bulk concentration of iron (main corrosion
product) in DELTA loop using the present model is
shown in Fig. 6 (using the same parameters to those in
Fig. 5). Clearly, the bulk concentration is not zero.
Therefore, using the local corrosion model to predict the
corrosion rate in an isothermal leg in a non-isothermal
loop system results in a higher corrosion rate through
assuming a zero bulk concentration. The bulk concen-
tration varies around its average value that equals the
surface average concentration and reaches its highest
value at the end of the test leg, but the variation is small
enough to be neglected and the bulk concentration can
be assumed to be constant over the entire loop. Fig. 6
also shows that the average bulk concentration increases
with the diameter at the test leg. This is because a larger
diameter at the test leg results in a larger contact area
between the liquid and the materials. A larger bulk
concentration leads to a smaller corrosion rate.

In the mass transfer controlled regime, the corrosion
rate can also be expressed in a dimensionless form
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Fig. 6. Bulk concentrations of iron in DELTA loop for dif-
ferent tube pipe diameters at test leg. The parameters are the
same as those in Fig. 5.

through the Sherwood number. At the test leg, the
Sherwood number is defined by

_Kd

Sh
D )

(15)
where K (m/s) is the mass transfer coefficient and is
calculated by

q

K = .
Cy — Cp

(16)

Previous theoretical studies show that the mass transfer
coefficient is proportional to d~%* for open pipe flow [6]
and d°% for simple close loop flow [18]. Both corre-
lations show that increasing the hydraulic diameter leads
to a smaller mass transfer coefficient. These relations are
not exact for closed loops with multi-modular sections.
The mass transport variations at the test leg expressed
by the dimensional mass transfer coefficient and the
dimensionless Sherwood number for different test leg
diameters d, are shown in Fig. 7(a) and (b). For all the
cases considered, the mass transfer coefficient and the
Sherwood number decrease sharply at the beginning of
the test leg and slowly downstream. Different from the
cases of an open pipe flow and a simple closed loop flow,
the local mass transfer coefficient increases with the
increasing diameter at the test leg for the present case,
which shows that the dependence of corrosion rate on
the test leg diameter in multi-modular loops is system
specific. Therefore, the experimental and theoretical
relations for an open pipe flow or a simple loop flow
cannot be applied directly to a loop with geometry
variations along the axis. This cautions us that we need
to consider the operating conditions when using exper-
imental results from the same loop to scale the corrosion
rate.
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Fig. 7. Corrosion rate variations expressed by dimensional
mass transfer coefficient K (m/s) and non-dimensional Sher-
wood number at the test leg for different test leg diameters.
Parameters are the same to those in Fig. 5. xi: the beginning
coordinate of the test leg, and L,: the test leg length. (a) Mass
transfer coefficient variations at the test leg of DELTA loop. (b)
Sherwood number variations at the test leg of DELTA loop.

To illustrate the different dependencies of corrosion/
precipitation on the hydraulic factors between the simple
and the multi-modular loop systems, the calculated
average corrosion rates at the test leg of the loop with
the same temperature profile of DELTA loop are shown
in Fig. 8 for two cases (constant velocity and constant
flow rate in the test leg) for both simple loop (the
diameter elsewhere is the same to the diameter at the test
leg) and multi-modular loop (for different diameters at
the test leg, the diameter elsewhere is kept at 0.0525 m).
For the simple loop, the average corrosion rate is linear
in 0604-0067 "indicating that the corrosion rate is pro-
portional to V%0d=%9%7 and is consistent with the theo-
retical results [17]. For a constant velocity in the test leg,
expansion results in a higher average corrosion rate
while contraction results in a lower average corrosion
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Fig. 8. Comparison of the average corrosion rate at the test leg
versus diameter in a simple loop (solid line) and a multi-mod-
ular loop (dashed line). For simple loop, the diameters at other
legs are the same to that at the test leg. For multi-modular
loops, the diameters at other legs are kept 0.0525 m. All other
parameters are the same to those in Fig. 5. (a) The velocity at
the test leg has a constant value 1 m/s. (b) The flow rate at the
test leg has a constant value 0.0011 m?/s.

rate. For a constant flow rate, expansion and contrac-
tion have the opposite effects on the average corrosion
rate compared to the constant velocity case. Even when
all the parameters (velocity, hydraulic diameter and
temperature) are the same in the test leg, corrosion rates
for simple loops can be significantly different from those
for loops with geometry variations. This shows that
applying the local corrosion models to a constant tem-
perature leg in a complex loop system may produce
wrong corrosion rates.

The above calculations give a preliminary quantita-
tive evaluation of the corrosion and deposition behav-
iors of materials in LBE systems. Up till now, there has
been little information on the corrosion/deposition of

steels in non-isothermal LBE systems. Some important
factors remain uncertain. A complete experimental
investigation on corrosion will be carried out in the
DELTA loop at the Los Alamos National Laboratory.
We plan to benchmark the key results obtained from the
present theoretical model.

4. Summaries

Geometry changes along flow axis of liquid metal
coolant loop systems are unavoidable in applications. In
addition, corrosion and deposition of the containment
materials themselves also change the flow area and affect
the corrosion/deposition process. To fully understand
the corrosion processes in non-isothermal coolant loop
systems, geometry variations must be carefully consid-
ered. In the present study, we extend the kinetic corro-
sion model for simple loops, so that it can be applied to
calculate the corrosion/precipitation rate in non-iso-
thermal and multi-modular liquid metal loops. Several
cases are studied to examine the combined effects of
geometry variation and temperature profile. The model
makes it possible to study the feedback effects of cor-
rosion and precipitation themselves.

To benchmark the mathematic model, we compare
the theoretical results with the experimental results from
the JLBL-1 LBE loop. The model gives good predictions
on the locations of corrosion product deposition zones
and the average corrosion rate in the test section.

The model is applied to an ideal loop with sinusoidal
surface concentration profile and a materials test loop in
the Los Alamos National Laboratory to illustrate the
combined effects of the axial conditions. It is found that:

(1) The local corrosion/precipitation rate and the axial cor-
rosion/precipitation profile depend on both the axial
geometry variations and the axial temperature profile.
The effects of both are not independent of each other.

(2) The local corrosion/precipitation rate increases with
the increasing local wall shear rate. Depositions re-
duce the local flow cross-section which results in a
higher local wall shear rate. The feedback of deposi-
tion is positive and will lead to flow blockage, while
the feedback of corrosion is negative.

(3) Increasing or decreasing the flow area at a section
may affect corrosion elsewhere. The highest corro-
sion/precipitation does not necessarily occur at the
location where the velocity reaches its highest/lowest
value, neither does it necessarily occur at the highest/
lowest temperature. The locations of the highest cor-
rosion and precipitation can be shifted through
changing the hydraulic diameter at some sections
and the axial temperature profile.

(4) The local corrosion model, only considering the local
condition effects, may predict incorrect corrosion
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rate in the constant temperature leg in a non-isother-
mal and multi-modular loop system. One has to con-
sider the global operating conditions when analyzing
experimental results from test loops.

(5) The dependencies of corrosion/precipitation on
hydraulic factors for a simple loop and a loop with
multiple modules may be significantly different.
For the DELTA loop, decreasing the pipe diameter
at the test leg results in a higher local corrosion rate
and a smaller mass transfer coefficient at the steady
state.

(6) The local mass transfer coefficient at the highest
temperature leg decreases sharply at the beginning
of the test leg and slowly downstream.

(7) The corrosion product bulk concentration is not
zero for closed loop systems and varies along the
loop axis. But the variation is small enough to be ne-
glected and the bulk concentration can be assumed
to be constant. For the DELTA loop, decreasing
the pipe diameter at the test leg results in a smaller
mean corrosion product bulk concentration.

Finally, the present model assumes a mass transfer
controlled corrosion process and neglects the transition
effects. For high velocities, the surface reactions could
control the corrosion processes. Other mechanisms such
as erosion—corrosion or cavitation—corrosion need to be
considered. In a practical LBE coolant system, there are
many complex structures, such as elbows, multi-bran-
ches, gauges etc. Such geometry variations along the axis
may result in a highly intense vortex flow structures and
lead to a high local corrosion/precipitation rate. These
effects will be considered in future studies. Another as-
pect to be incorporated is the oxide growth at the LBE/
steel interface, which plays an important roles as the
protection barriers in oxygen controlled LBE system,
through which corrosion and precipitation take place.
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